critical review is presented on the mass transfer characteristics of gas-liquid slurry reactors. The recent findings on the influence of the presence of solid particles on the following mass transfer parameters in slurry reactors are discussed: volumetric gas-liquid mass transfer coefficients (kLa, kGa), liquid-side mass transfer coefficients (kL and k,) and specific gas-slurry contact area (a). The second part of this paper reviews the recent progress in our knowledge and understanding of the enhancement of gas-slurry mass transfer due to the-presence of solids. Fiie different cases are distinguished, i.e.
INTRODUCTION
and more applications can be expected. We restrict ourselves to slurry systems where the particles are Chaudhari and Ramachandran (1980) , Deckwer and Alper (1980) , Alper and Deckwer (1983) , Shah et al. (1981) , Hofmann (1983), Shah et al. (1982) , Pandit and Joshi (1984) , Beenackers and van Swaaij (1986) , Pandit and Joshi (1986) , Kohler (1986) and Shah and Sharma (1987) . A few textbooks on slurry reactors have also appeared, e.g. Doraiswamy and Sharma (1984) and Shah (1979) . The present contribution concentrates on mass transfer characteristics of slurry reactors and on the enhancement of gas absorption into slurries by the presence of particles.
In particular, we discuss the new developments since 1985 and refer to Beenackers and van Swaaij (1986) for the older literature.
Together with the system-specific reaction kinetics, the mass transfer parameters are particularly important in determining the average conversion rates in the slurry reactor.
As an example, we consider the average conversion rate per cubic meter of the reactor of a gaseous reactant A being absorbed in the liquid of a well-stirred slurry semi-batch reactor and reacting according to irreversible first-order kinetics at the external surface of non-porous particles ( In deriving eq. (l), it has been assumed that FAG is constant throughout the reactor, R, , R2, R3 and R4
are the so-called resistances that control the overall conversion rate, and the model used here shows all resistances in series. 
RI = I/kGa
the resistance to mass transfer in the gas phase.
R2 = l/mkLaE,
the resistance to mass transfer in the liquid phase at the gas-liquid interface.
R3 = I/mksup
the resistance to mass transfer in the liquid phase at the liquid-solid interface. R, = I/mk:'a, the resistance to reaction at the external catalyst surface. (2) Although inside the porous particle mass transport and reaction are in parallel, overall the process can still be described by resistances in series. From these resistances in series, R2 might be influenced by the presence of the particles in several ways:
(1)
The specific (gas liquid) interfacial area, a, can be changed by the presence of the particles. k, itself can be influenced by the presence of the particles even if these are inert. In principle, in the case of dissolving particles, even the solubility of the gas phase component may change due to the presence of the dissolved particle materials and/or their products, but we neglect the effects of solubility.
It will be clear that to be conceptually sound, any enhancement effect should exclude factors l-3. This requires careful definition of the flux enhancement due to the particles, for which we proposed (Beenackers and van Swaaij, 1986) : EA = Ja with particles ~ (3) JA with the same but inert particles in which JA is evaluated at the same overall driving force. Inert means that neither the particles nor components produced from the particles participate in the reaction as a reactant or a catalyst. Further, inert particles do not adsorb the gas phase component transported towards the bulk of the slurry, nor any other reactant or reaction product. Our proposal to treat enhancement of mass transfer due to adsorption, reaction or catalytic effects on solid surfaces by the concept of an enhancement factor as defined by eq. (3) and to substitute this factor in eq.
(1) in the way that is usual for any phenomenon of mass transfer with reaction in parallel has been criticized by Alper (1987) , because these surface processes can also influence the bulk concentration by a mass transfer in series effect.
However, in our approach the latter effects are included in R4. EA will be different from 1 only if R, is small relative to RZ, resulting in a bulk concentration of ?A = 0 and in a real parallel mechanism of the enhancement. In our view the advantage of the concept of the enhancement factor as defined by eq. (3) is the separation of the influence of hydrodynamic effects on gas-liquid mass transfer (incorporated in k,) and of the effects induced by the presence of a solid surface (incorporated in E,), indeed in a similar way as is common in mass transfer with homogeneous reactions.
Of course, if the gas absorption is already enhanced by homogeneous liquid phase reactions the enhancement due to the presence of the particles still may occur, but this effect cannot always be separated meaningfully from the overall enhancement. The above analysis shows that an adequate description of mass transfer with chemical reaction in slurry reactors needs reliable data on:
(a) parameters which are specific for slurry reactors (k,, kL, a, E,) and (b) parameters which are not specific for the type of reactor applied (intrinsic reaction kinetics and particle properties such as up, c+, d, and to some extent also Di).
The scope of this review is limited to the parameters of type (a) only. It seems logical to start with a brief discussion on the value of the product of k,_ and the specific contact area, a, (k,a) because this is often the overall rate controlling step.
THE VOLUMETRIC LIQUID-SIDE MASS TRANSFER
COEFFICIENT AT THE GAGLIQUID INTERFACE (k,..)
Both with dynamic absorption techniques and with chemical techniques, direct information on the product k,a can often be obtained in a relatively easy way.
As a result much more information is available on the product k,a than on k,, and n separately.
For low solids concentrations one may assume that the solids do not affect the value of k,a so that the existing relations for two-phase gas-liquid reactors can be applied. For recent reviews on these relations, see Lee and Foster (I 990) , for draft tube slurry reactors Goto et al. (1989) , for bubble columns Deckwer and Schumpe (1993) and the book of Deckwer (lY85) , and for stirred-tank reactors Mann (1983) and Schliiter and Deckwer (1992) .
Since the pioneering work of Joosten et al. (1977) [which is still the best up-to-date work; see Shah and Sharma (1987) ], much research has been carried out on the influence of solids on kLa. Despite this there is still no universally applicable relation describing the influence of all types of particles in any weight fraction in any liquid.
If the density difference between the solids and liquids is small or if the liquid viscosity is high, the slurry behaves as a pseudo-homogeneous phase and relations for k,, a as function of the effective suspension viscosity can be applied successfully. oztiirk and Schumpe (1987) measured k,a in a 9.5 cm inner diameter bubble column absorbing oxygen in organic slurries of ligroin (pL = 729 kg/m3; pL = 0.54 mPa s) and tetralin (pL = 968 kg/m3; pL = 2.08 mPa s) containing up to 40% of any of the solids described in Table 1 . The result is shown in Fig. 2 .
With the exception of alumina in ligroin, all results could be correlated according to k,_a/(k,a)o = (fierr/po) -".42 (4) with index 0 indication of no solids present; other conditions remain identical. So, pco is the viscosity of pure liquid pL. The correlation covers a superficial gas velocity up to 8 cm/s and an effective viscosity range of 0.54-100 mPa s with a mean error of 7.7%. 
with, for bubble columns (Schumpe and Deckwer, 1987) , and i,rr = cut (6) C = 2800 m-l.
The consistency index p still has to be measured experimentally.
The a'oove result, obtained in organic media, agrees excellently with the results of Schumpe et al. (1987a) , both for water and ionic aqueous solutions in the same bubble column applying kieselguhr (7 pm), alumina (8 pm) and activated carbon (5 pm)_ Provided gaff z 2~~. they found kMk,a)o = &r/M -".39
for uG < 8 cm/s and pert between 1 and 100 mPa s. It is remarkable that the relation was found to be valid for both electrolyte and non-electrolyte solutions. Fine high-density solids in low-viscous liquids such as alumina in ligroin or in low concentrations in aqueous solution give higher values of kLa than predicted by eq. (4) or (7), possibly by increasing the mass 
where a is the fraction of the interface covered by the particles and K' = 9 for polypropylene (Schumpe et al., 1987b) . Insufficient information is available to predict K' as a function of, e.g., wettability, although it is known that K' increases with the gas-solid-liquid contact angle (0): K' = 9 for 0 = 120" and K' = 6 for 0 = 96" [Godbole et al., 19901 . It is also remarkable that 5 pm activated carbon particles in aqueous solutions have been found to obey relation (7) (Schumpe et al., 1987a) , because this material is also known to stick to the interface (see below under enhancement).
Probably due to its large active area available for adsorption, surface coverage by activated carbon does not result in a partial blocking of the interfacial area for mass transfer as found with polypropylene particles. A few years before the publication of relations (4) and (7), Nguyen-Tien et al. (1985) observed, for threephase fluidized beds, (~'a)/(~~~), = (1 ;&). (from Shah et al., 1982) .
(9) have been restricted mainly to superficial gas velocities up to 8 cm/s and a column diameter of 9.5 cm, hence to the homogeneous bubbly flow regime (see Fig. 3 ). However, some data are available for a 30 cm column and these could also be described by relation (9) (Schumpe et al., 1984 
P %"9 = ESPp + (1 -ES)PL
A. A. C. M. RFENACKERS and W. P. M. VAN SWAAIJ and Cs/cso is the normalized solids distribution, i.e. the ratio of the mean solids concentration to that above the sparger, as follows from:
with Np, the Peclet number for the solids distribution to be obtained from the well-known relation of Kato et al. (1972) .
Not surprisingly (Wilkinson, 1991) , Sauer and Hempel (1987) could correlate their results in a satisfactory way only by applying different sets of numerical values for the constants C, n1-rz3 for the two gas spargers (see Table 2 ).
From this we conclude that significant progress has been made during the last five years in establishing the influence of solids on k,a in bubble columns. sume that for slurry bubble columns it is also advisable to use a pilot plant with dimensions (and with the real slurry system) for which the above-mentioned criteria are all fulfilled. Until now, only a few investigations on the influence of solids on kLa in bubble columns meet these criteria (see Table 3 ). The study of Sauer and Hempel (1987) The shear rate was obtained via eq. (6), although C was taken as 5000 m-l instead of 2800 m-l. Experimentally obtained values for kLa in a fermentation broth of C. cellulolyticum and of N. sitnphila could be reasonably predicted as .J(uc) assuming these fluids to be Bingham plastics.
A few studies have appeared on the influence of solids on k,u and cG in a draft tube slurry reactor (Fan et al., 1987; Muroyama et al., 1985 Muroyama et al., , 1983 . In these studies the inner tube diameters were rather small (5, 6.4 and lOcm, respectively). Moreover, the particle diameters studied were rather large (> 250 pm) so that these studies are probably at least partly in the three-phase fluidization regime.
Concerning the influence of solids on kLa in stirredtank reactors, a few very comprehensive studies have appeared recently. Oguz er al. (1987) used several dynamic techniques to measure kLa in various slurries in a baffled 14.5 cm diameter stirred-tank reactor. Water and threeorganic liquids (n-butanol, l-tetradecene and 1,2,4-trimethyl benzene) were used as liquid phases. The particles applied are summarized in Table 4 .
The observed effects of the particles on kLa are remarkably complex and appear at first sight to be confusingly different for different slurry systems (see Fig. 5 ). However, if the increase in apparent slurry viscosity due to the presence of the particles exceeds a factor of 1.3 relative to the solids-free liquid, then all data can be consistently correlated by a single function of power input, gas sparging rate, apparent slurry viscosity, surface tension and liquid diffusivity in a way rather similar to that proposed earlier by Yagi and Yoshida (1975) for no solids present. The results of Oguz et al. (1987) are as follows: 
Both correlations are shown in Fig. 7 . If anything, Fig. 7 clearly illustrates that relations with 8s as the only parameter are too simple even if particle size and solids composition are comparable, as is the case in the two studies summarized in Fig. 7 . A possible cause of the differences in behaviour shown in Fig. 7 is the different types of liquid used. Smitz er al. (1987) used an ionic salt solution,
i.e. a non-coalescing system, whereas Kojima et al. (1987) used tap water, which as such is poorly defined but which may have had coalescing properties.
Also of interest is the slightly older contribution of Albal et al. (1983) . As far as we know, this is the only study in which the influence of pressure on kLa in stirred-tank slurry systems has been investigated. No influence of pressure could be detected in the range from 2 to 9 MPa. Albal et al. (1983) also give a comprehensive review of the literature on k,a in stirred tanks before 1983. et al. (1985) measured the influence of solids on kLa and k, in a slurry reactor with vibrational agitation.
Iwanaka
For recent system-specific studies on industrially important processes, see Kojima et al. (1987) . tap water. Fig. 8 ). The presence of salts is believed to be necessary for the occurrence of a coalescence-hindersystem Mass transfer in gas-liquid slurry reactors Table 5 . System-specific studies on k,a, k, and c1 in slurry reactors effect at all for 0.5% activated carbon and kieselguhr particles (dp < 10 pm). Until now, the information have been so scattered that no correlation for the influence of solids could be presented.
Reactor
Nevertheless, this region is of great industrial importance because catalytic slurry reactors often operate with catalyst hold-ups below 0.6% and particle size below 100 Wm. If no experimental data are available, a conservative approach may be to assume no effect of solids on a in region A. However, it remains risky because of the negative influence observed by Nagaraj and Gray (1987) .
Region B
According to Pandit and Joshi (1986) this region covers the particle size range of 100-1000 pm at any solids loading and the particle size range below 100 pm for a solids loading above 0.6 ~01%. After revision of the data by Schumpe et al. (1987a) the interfacial areas with alumina are still small as compared to eq. (26) suggesting that effective viscosity alone is not sufficient to correlate all experimental findings.
The paper of Smith et al. (1984) is of interest with respect to the dependency of both cc and a on the radial position in the bubble column. For the water-nitrogen system and ss < 5%, 20 < d, < 100 pm, 2420 < pp < 4000 kg/m3 hardly any influence of the presence of solids on average a could be detected.
The most comprehensive set of data on the influence of solids on the interfacial area in stirred-tank reactors is probably from Schmitz et al. (1987 between a and + was proposed, but the authors showed that the particles can promote the coalescence frequency and thus reduce the specific contact area. Particularly with small particles (d, = 25 pm) and low power input, a significant reduction of a could be observed for solids contents as low as 0.1 ~01% (see Fig. 9 ).
From the above we conclude that for stirred-tank reactors additional research is necessary in every region except for viscous non-coalescing systems with p > 5 mPas.
Also, no information is available for relatively large particles with densities close to liquid density, as are often found in bioreactors.
THE LIQUID-SIDE MASS TRANSFER COEFFICIENT AT

THE CAS~LIQUID INTERFACE (kc)
Under special circumstances the gas-to-liquid mass transfer rate of a component A can be enhanced by the presence of particles due to adsorption on, catalysis by, and reaction with, the particles. As discussed above, these effects are not primarily dependent on local hydrodynamics and should preferably be dealt with via the enhancement concept as defined by eq. (3).
Here we discuss the influence of the presence of solids that are inert in any aspect with respect to the transferred component A. From the definition of k,:
it follows that inert solids may affect k,_ in two ways. Firstly, the presence of inert particles close to the interface may reduce the effective volume fraction of liquid available for diffusion. By this, k, can be reduced via a lowering of the effective diffusivity D,. This effect can be significant only for particle diameters of the order of the film thickness for mass transfer (6,) or smaller.
Secondly, the particles may influence the hydrodynamics close to the gasp liquid interface, thus affecting kL via changing SL and t,.
Although no correlations are yet available on the influence of particles of high density relative to the liquid density on the mass transfer coefficient, there is some experimental evidence that such influence exists. Figure 10 shows results obtained in small bubble columns with particle diameters in the order of DA/k,. Hardly any influence of fine inert particles on kL in stirred cells was observed for solids loadings below 10% (see Fig. 11 ). At higher loadings, a decrease of kL with increasing solids content was also observed, due either to blockage of the interface or to the sharp increase of suspension viscosity (Quicker et al., 1989 
Note that for bubble columns the specific energy dissipation .? follows from e= u,g
whereas for Newtonian liquids ,!? = 0. In the latter case eq. (32) reduces to "4.
Relation (32) was tested in a sufficiently large bubble column (see Table 3 ) with various aqueous solutions of carboxypolymethylene. simulating slurries with T, up to 0.7 Pa and Bingham viscosity as high as 32 mPas (see Fig. 12 ). The standard deviation in Fig. 12 A conservative approach would be to assume no effects at all, unless definite evidence to the contrary is available.
THE MASS TRANSFER COEFFICIENT AT THE
LIQUID-SOLID INTERFACE (/cy)
For reviews on measurement techniques for kS. see In early attempts the Reynolds number was often based on the hindered particle settling velocity, i.e. the actual terminal particle slip velocity in the slurry, up:
There are two difficulties in this approach. First, the slip velocity has to be related to the global system parameters, which is complicated, and second, the concept completely fails for, density differences ap- 
Note that this is a definition of N,,. because we arbitrarily took the constant C1 of eq. (38) equal to 1.
A number of investigations have followed this approach and the results are summarized in Table 6 (49
Actually v> is proportional to the liquid circulation velocity. The relation of Jadhav and Pangarkar is less easily applicable than the other relations given in Table 6 . The reason is that knowledge of sC and vbm is required. For the>latter, Jadhav and Pangarkar (1988) suggested the relations of Grace et al. (1976) for "clean" systems and of Zuber and Findley (1965) for other systems.
The significance of the equation of Jadhav and Pangarkar stems not only from the large column diameters for which it has been tested but also from the relatively large superficial velocities, which are well into the industrially important churn turbulent regime. Risking the criticism of Jadhav and Pangarkar, we have used their relation (47) and substituted the maximum possible value of u;., i.e. The approach based on the energy dissipation rate as outlined above is not limited to a particular type of slurry reactor. Therefore, equations of type (35) and (41) have also been proposed for stirred-tank reactors.
For 5 we must then use the total energy dissipation rate originating from both gas and power inputs via the stirrer. Hence, e = 2,s + e,
where W, is the power input via the stirrer. The available correlations are summarized in Table 7 . Note that the relation of Sano (1974) contains a correction factor for asphericity of the particles:
where + = I for spheres. Figure 14 shows that the various relations agree well with each other. We therefore conclude that, despite criticism of this rather rude approach (Chapman et al., 1983) 
ENHANCEMENT OF GA!+LlQtJID MASS TRANSFER
Particles may enhance the gas absorption for several reasons.
An overview of different mechanisms which may lead to enhancement is given in Table 8 . particles are used as compared to inactive particles. Shorter times can be obtained if the grazing effect is already strong at relatively low particle concentrations. Then, the particles affect the mass transfer much more than the ultimate capacity of the fluid. As discussed below, this situation may arise if carbon particles are attracted to the gas-liquid interface and attain a much higher concentration there than in the bulk. It will be clear that in order to obtain enhancement, the particles should indeed be grazing during their contact time in the mass transfer zone. A film mode1 with stationary particles will not be able to describe this phenomenon.
Particles adsorb the transferred component only physically
Therefore, a penetration type of model will be required for a proper description. Several factors related to the exact geometry aspects of the particles close to the gas-liquid interface are difficult to assess, and therefore we first discuss a simple quasi-homogeneous penetration mode1 for gas absorption into slurries with particles showing adsorption.
First we consider the absorption of a gas phase component in a slurry (see Holstvoogd et al., 1988) with a relatively simple homogeneous model based on the Higbie penetration theory, neglecting any gas phase resistance.
A linear adsorption isotherm for adsorption of the dissolved gas A on the particles will be assumed and the concentration of adsorbed component can be expressed as CAS = n,/(c,L?)
where nA is the number of moles A adsorbed on the particle phase/m3 liquid and cAs the concentration of A in liquid in equilibrium with actual concentration at the solid surface.
As a further simplification the mass transfer and the adsorption on the particles will be considered to be processes in series 
-If the L-S mass transfer adsorption rate parameter k, is finite and the particle adsorption capacity is so large that the degree of loading remains much smaller than 1 under all circumstances, then the rate parameters will completely determine the rate of adsorption. Then, the enhancement is described by the Hatta number only:
Generally, both the rate parameter and the particle capacity are important for the enhancement. A numerical example is given in Fig. 16 . The parameter 4,.
4(E, -I) 6,= IrCS&d
is the relative saturation of the stagnant film for mass transfer, IS~ being the stagnant film thickness and asL the equivalent saturated layer thickness. The latter thickness is calculated from Jad, the flux to the particles,
where SW,, and I",, are the absorption rates with particles present and with no particles present, respectively. -Under equilibrium conditions, the distribution of the gas between the particle and liquid is governed by a partition coefficient much larger than. 1. According to the enhanced gas absorption model, the adhering gas adsorbing particle is represented by a slab, which has the samegas adsorbing capacity as the particle in Fig. 17(a) . and is positioned at a distance d,/4 from the gas-liquid interface. The effective resistance to mass transfer for the covered part of the gas-liquid interface is located in a film with thickness d,,, = d,/4 (from Vinke, 1992).
-The mass transfer of hydrogen through the gas-liquid interface is the sum of the gas absorption rate occurring through the uncovered part (1 -a) of the gas-liquid interface and the gas absorption rate occurring through the covered part (a) of the gas-liquid interface. -The value of mass transfer coefficient k, for the uncovered part of the gas-liquid interface is equal to the value measured in a particle-free gas-liquid dispersion under similar conditions. 
Experimental.findings.
Enhancement of gas absorption in slurries due to adsorption on small particles has been observed by several authors (see Table 9 ). Generally, these observations have been done with activated carbon slurries in stirred cells with a flat interface, which means that the interfacial area is well known and the mass transfer without enhancement relatively low. A typical result is given in Fig. 18 . As Table 9 . Minimum activated carbon concentration for maximum enhancement (c.~.,,~~) of gas absorption in various gas-activated-carbon (AcC) slurry systems Gas-slurry system es. m,m (kg/m' ) 1.
2.
3.
4.
5.
6.
7.
8.
9. can be seen from this figure, active carbon particles do enhance the mass transfer but the enhancement reaches a stable value for relatively low solids loadings. This turned out to be generally valid also for systems where the carbon acts as a catalyst (Table 9) [see, e.g., Alper and iSztiirk (1986b)]. The reason why the enhancement reaches a stable value was explained by Alper and Deckwer (1981) and Sada and Kumazawa (1982) from the assumption of the existence of a particle-free layer at the interface of a thickness of one particle diameter. As a consequence, the minimum effective film, acting as a resistance for mass transfer, has the dimension of the particle (see Fig. 19 ): we have an uniform particle distribution over the liquid, 2. Particles of somewhat larger diameter than the thickness of the mass transfer layer do enhance the gas absorption, although the enhancement decreases with increasing particle diameter (see Fig. 20 ) (Kars et al., 1979 carbon.
An elegant demonstration of this effect was given by Wimmers and Fortuin (1984, 1988a) in their bubble pick-up experiment, in which they showed that particles of activated carbon accumulate at the interface of a gas bubble (hydrogen) attached to a capillary tube (see Fig. 21 ). It therefore seems to be clear that the explanation of the enhancement factor shown in Fig. 18 is that activated carbon particles are attracted to the G-L interface reaching a high concentration there, and being refreshed just like the fluid element itself, thus reducing the effect of saturation.
The limitation in the maximum enhancement shown in Fig. 18 Such an explanation is not possible for the experiments of Wimmers and Fortuin (1988b), who compared catalytic active Pd on activated carbon with catalytic active Pd on hydrophilic alumina, which is also highly porous. With both catalysts having the same activity for converting absorbed hydrogen, significant enhancement was observed with active carbon as a carrier only. This provides experimental support for the accumulation of activated carbon at the interface as a cause of the enhancement. Extra support was obtained by Vinke (1992) , who compared adsorption of hydrogen in demi-water with suspended rhodium-AlJO and palladium-activated-carbon. Again, no enhancement was obtained for A1203 particles (see Fig. 22 ), which is explained by the zero surface coverage c (. Holstvoogd et al. (1988) and Holstvoogd (1988) studied the influence of the geometry and position of the first particle rows on the gas absorption with a numerical model taking into account the molecular diffusion to the particle surface. At high local particle concentrations and in the absence of particle saturation effects, they observed that enhancement is mainly determined by the first particle layer and its position with respect to the interface. In fact, this result supports the physical background ofthe surface coverage concept of Vinke (1992) .
In most industrial reactors the G-L mass transfer constant k, will be much higher than in stirred cells with a flat interface. With the mechanisms explained here it is not possible to predict exactly the resulting enhancement factor as unknown time constants for particle attraction to the interface are involved.
According to experiments reported by Alper ( by the grazing effect in, e.g., a bubble column operating with activated carbon slurries is marginal or absent (see Fig. 23 ). On the other hand, Vinke (1992) calculated that enhancement factors up to a factor of 4 should be possible in large-scale bubble column reactors. This has to be confirmed by measurements. These phenomena are very important, especially because they may proceed in parallel or as a first step in chemical reactions occurring on a catalyst on a carbon support. Activated carbon supports are used in many catalytic slurry systems and similar phenomena have been observed for other active solids (Alper and Deckwer, 1983; Alper and ijztiirk, 1986) . Adding surface adhering particles as a non-catalytic shuttle to enhance mass transfer may also become attractive. An industrially important example is the absorption of carbon dioxide in aqueous amine solutions. Here addition of fine activated carbon particles could enhance the absorption rate by as much as a factor of 9 in a stirred cell (Saha et al., 1992) , although it will probably be lower in commercial absorbers.
Highly interesting for all the above reasons is a patent application of Vinke et al. (1991) to modify originally non-surface-adhering catalyst particles to surfaceadhering particles. With these techniques they succeeded in creating surface-adhering properties in alumina particles and then observed enhancement with these particles.
Powerful tools for further investigation should include simultaneous absorption of various gases with different adsorption characteristics, allowing discrimination between the true effect of adsorption and other possible effects such as changes in k, and a caused by the particles. This method has been used previously, although with different aims, by Robinson and Wilke (1974) and Beenackers and van Swaaij (1976). 
Particles catalyse a chemical reaction involving the absorbed gas phase component
If the catalyst particles have a diameter much smaller than the thickness of the mass transfer film and if sufficient particles are available in the film, then enhancement of gas absorption due to chemical reaction may occur provided the specific chemical conversion rate is high enough. If the reaction within the film can be considered as quasi-homogeneous, then the system can be described by the well-known relations for gas absorption with homogeneous chemical reaction [see, e.g., van Krevelen and Hoftijzer (1948) or Westerterp et al. (1984) J Then it is possible to use the simple film theory because no problem of depletion of particles will occur. However, one should always be aware of the possible complications of adsorption in parallel (on the catalyst carrier) or in series (on the active sites) with the chemical reaction. This again would involve effects of possible saturation, as mentioned above.
Another important complication may occur when particles are attracted to the gas-liquid interface, as has been observed for carbon-water slurries [see, e.g., Vinke (1992) , Wimmers and Fortuin (1988b) , Holstvoogd et al. (1988) ] and for aqueous sulfur slurries [Wubs et ul. (1990) ]. Enhanced gas absorption will then occur at much lower bulk loadings of catalyst particles. Usually the assumption of zero or, in case of equilibrium reactions, equilibrium bulk concentrations of absorbed gases is realistic if enhancement is observed. This is due to the relatively high bulk volume as compared to the film volume in normal gas -liquid contactors (high "hinterland" ratio). A nice sketch of this situation has been given by Alper and Deckwer (1983) (see Fig. 24 ).
It has been argued that enhanced absorption in a slurry is a regime to be avoided because this would require excessive amounts of catalyst and/or would give rise to low selectivities in most reactions (although there are exceptions). In the situation of increased particle concentration rit the gas+iquid interface, both statements are not necessarily true. Knowledge of the hinterland ratio and the bulk loading of the catalyst are insufficient to describe the system if surface particle accumulation effects play a role.
For enhancement in a slurry reactor (first-order reaction, constant gas phase concentration, no liquid through-flow of bulk) Wimmers and Fortuin (1988b) Ei is the actual absorption rate divided by k,a V, cAi; note that for fast reaction, where EA = 0, Ez = EA. csi is the actual solids concentration in the gas-liquid film for mass transfer, described by Wimmers and Fortuin via a Freundlich isotherm still containing some empirical factors.
k: is the pseudo-homogeneous first-order reaction rate constant, m3/kg s In principle, the rate constant k: can contain a.o.t. mass transfer rates to the surface of the particles (ks) and diffusion limitation inside the particles. For example, for first-order reaction at the porous catalyst surface we may write
with ski the specific solids external surface area at the gas-liquid interface and 4 defined by eq. (2). In particular, if the true surface rate constant k:' is relatively high compared to ks, the reaction in the film can be limited by ks. If the concentration of solids at the gas interface is high, the enhanced mass transfer is very sensitive to the actual geometrical position of the particles, as pointed out by Holstvoogd et al. (1988) .
More complex systems than the still rather simple first-order kinetics leading to eq. (79) have been analysed theoretically by Sada et al. (1984a) . In applying the van Krevelen-Hoftijzer approximation, they also obtained approximate solutions for a bimolecular second-order catalytic reaction with a liquid component and for two absorbing components reacting with each other on the catalytic surface. For the latter system, experimental results were reported on the oxidation of SO, on activated carbon in a stirred-cell reactor (see Sada et al., 1983) .
Experimental results with catalyst particles. Chemical-enhanced gas absorption with fine catalyst particles in slurries has been observed by several authors and for several chemical systems (see Table  9 ). A special point of note is that because most experiments have been carried out in flat interface stirred cells, it is difficult to distinguish between the heterogeneous catalysis and the gas adsorption as the main cause of enhancement.
A Another equally effective approach was followed by Vinke (1992). Hydroxyl amine was hydrogenated to ammonium with rhodium on alimina particles as a catalyst. As we have seen in Fig. 22, these particles where SHC is the similar hydrodynamic conditions. Wimmers et al. (1988) measured the influence of the particle diameter on the enhancement (see Fig. 28 ). The observed linear relationship between EL and l/dp had already been theoretically predicted by Pal er al. If the rate of reaction is controlled by mass transfer around the particles, then it follows from eq. (81) 
Because all other data were known in their experiments, Wimmers et al. (1988) could establish that, at bulk particle loadings between 0.6 and 1.5 kg/m3, the film concentration varied between 18 and 120 kg/m3
while the settled-bed density of the particles was 235 kg/m3. It should be realized that these are average or effective film concentrations. The actual distribution in the film can be very far from an equal distribution. This can have an important impact on the calculated enhancement factor [see Holstvoogd et al. (1988) and Karve and Jevekar (1990) ]. Inmany cases, with catalytic reactions, a levelling-off of the enhancement factor takes place at a certain catalyst loading. As mentioned above, this can be explained by the surface coverage model of Vinke (1992) . Alper (1985) measured the absorption of oxygen into Na,S using small carbon particles as a catalyst. Here also the enhancement factor reached a stable value beyond a certain activated carbon concentration. This was explained by the fact that oxygen has to diffuse through a small effective liquid layer before it can reach the first layer of particles. However, it followed clearly from their experiments that the enhancement was still influenced strongly by the concentration of Na,S, which is the liquid phase reactant. This is not consistent with the effective particle free layer explanation. An alternative explanation for this levelling-off could be that the gas-liquid interface becomes effectively saturated with catalyst particles at a certain catalyst bulk loading (Vinke, 1992) . We may conclude that the enhancement of gas absorption in slurries by catalytic particles is an interesting phenomenon which can be of practical importance if particles accumulate at the gas-liquid interface. Simultaneous adsorption can be a complicating factor, although for a bubbling slurry column the latter phenomenon seems to be of less importance. The reason for the different impact may be as follows. If particles are attracted to the interface, their contact time at the bubble interface may be significantly longer than te of the fluid elements. The longer the residence time, the higher the saturation for adsorption, while the catalytic reaction enhancement will not be affected or will be less affected. However, much more experimental information will be required to solve this problem completely. Doraiswamy and Sharma (1984) have given an overview of such systems. Frequently no chemical enhancement occurs because, even if the reaction rates are intrinsically rapid, product layer diffusion will often limit the conversion rate. The latter will not be the case if the products rapidly dissolve in the liquid. If the particles are very small they may disappear during the contact time, and a penetration type of model should be used to calculate the absorption rates along the lines used by, for example, Holstvoogd et al. (1988) .
Reactive particles
Another case is the conversion of small hydridable metal particles in a slurry (Ptasinski et al., 1983 (Ptasinski et al., , 1986 Holstvoogd et al., 1986) . This problem is similar to the enhancement by adsorption, as here an equilibrium between hydrogen and the metal/hydride particles also plays a role, as well as saturation of the particles. 
Dissolving particles
Reaction of a gas with a reactant originating from small dissolving particles is common. This system has been studied extensively and has been discussed elsewhere in more detail (Beenackers and van Swaaij, 1986). Many regimes are possible, even if we assume infinitely fast reactions [see, e.g., Uchida and Wen (1977)J For special cases, film model solutions are available. These models can be sufficient if, during the contact time, the particles inside the surface elements will not dissolve completely.
However, Fig. 29 shows a typical situation where this could happen due to an infinite rate of reaction between the gas phase reactant A and the reactant B originating from dissolving B particles in the bulk. If no particles were present inside the film, the resulting concentration profile would give a reaction plane inside the gas-liquid interface mass transfer film (shown as curve 1 in Fig. 29) . If small particles are present in the film, particles tend to dissolve faster in the film than in the bulk due to a locally larger driving force. Close to the liquid-solid interface there will be microreaction planes in the form of a sphere around each particle. This will further enhance the dissolution rate of the particles. Therefore, the gas phase reactant A will also disappear earlier and the plane where all A has been reacted away moves towards the G-L interface. This resulting extra enhancement of absorption of A has been described successfully by a model published by Uchida et al. (1975 Uchida et al. ( , 1981 ) (curve 2 in Fig. 29) . However, close to the G-L interface, B particles could completely disappear. This cannot be described with a film model, but if properly described by a penetration model it would lower the extra enhancement of the absorption of A. This is shown qualitatively in Fig. 29 
